ABSTRACT: Mesoporous NiO films were cosensitized with a coumarin 343 dye and a proton reduction catalyst of the [Fe 2 (CO) 6 (bdt)] (bdt = benzene-1,2-dithiolate) family. Femtosecond ultraviolet−visible transient absorption experiments directly demonstrated subpicosecond hole injection into NiO from excited dyes followed by rapid (t 50% ∼ 6 ps) reduction of the catalyst on the surface with a ∼70% yield. The reduced catalyst was long-lived (2 μs to 20 ms), which may allow protonation and a second reduction step of the catalyst to occur. A photoelectrochemical device based on this photocathode produced H 2 with a Faradaic efficiency of ∼50%. Fourier transform infrared spectroscopy and gas chromatography experiments demonstrated that the observed device deterioration with time was mainly due to catalyst degradation and desorption from the NiO surface. The insights gained from these mechanistic studies, regarding development of dye−catalyst cosensitized photocathodes, are discussed. M olecular catalysts are attractive for solar fuels production because they can be both rapid and selective and require little material per active site. Their properties and interaction with the substrate can be tuned to a great extent via changes in their first and second coordination sphere, which offers great potential for rational design. To incorporate molecular catalysts into a device, one approach is to combine it with a dye-sensitized, mesoporous semiconductor film.
M olecular catalysts are attractive for solar fuels production because they can be both rapid and selective and require little material per active site. Their properties and interaction with the substrate can be tuned to a great extent via changes in their first and second coordination sphere, which offers great potential for rational design. To incorporate molecular catalysts into a device, one approach is to combine it with a dye-sensitized, mesoporous semiconductor film.
1−6 Such dye-sensitized solar fuel devices (DSSFDs) have attracted rapidly increasing interest, and several photoanodes based on TiO 2 or nano-ITO films and molecular water oxidation catalysts have been reported. 1,3−5,7−9 For the corresponding photocathodes for H 2 production or CO 2 reduction, there are fewer examples, and the most common material is mesoporous NiO. 10−23 In most cases the catalyst was not anchored to the NiO surface or was likely to detach upon reduction during the catalytic cycle. The photocathodes show poorer performance than the photoanodes, but so far very little detail on these systems has been given. From studies of solar cell materials, it is known that dye−NiO charge recombination is typically very rapid, often on a subnanosecond time scale, 24−26 which is likely to hamper also the performance of DSSFDs. Our group has previously shown that potential molecular catalysts, inspired by the active site of [FeFe]-hydrogenases, can be photoreduced by a dye on NiO. 27, 28 In the present work, we were able to make the first DSSFD based on a biomimetic FeFe catalyst, on coumarin C343-sensitized NiO photoanodes, and demonstrate photochemical H 2 production. We give direct spectroscopic evidence that the catalyst is attached to the NiO surface and could monitor both its photoreduction and charge recombination.
DSSFDs based on [2] showed poor NiO binding and negligible photocurrents in aqueous media (not shown). Therefore, [1] was prepared with a phosphonate group that was expected to allow for more stable binding to NiO and a longer linker that may slow charge recombination between the reduced catalyst and the NiO holes ( Figure 1 ). The electronic properties should nevertheless be similar, with E 1/2 = −1.18 V vs Fc +/0 for [2] in acetonitrile. 28 C343 absorbs mainly in the blue part of the spectrum but was chosen as dye for these studies because it gives rapid hole injection into NiO; it has a suitable redox potential (E . Figure 2A shows the ultraviolet−visible (UV−vis) absorption spectra of the NiO films sensitized with C343 dye and catalyst [1] . The C343-sensitized NiO (denoted C343/NiO) shows a dye absorption maximum around 400 nm, which is blue-shifted compared to the 422 nm absorption maximum reported earlier for C343 on NiO. 30 This is probably due to the different background absorption from the double-layered NiO film (Figure 2A ), used in this study to increase loading of C343 and 6 ] complex in solution. 31 The spectrum of the C343:[1]-cosensitized NiO film (C343: [1] /NiO) shows mixed features from the spectra of both C343/NiO and [1]/NiO references, namely, a broad band centered at ∼450 nm and a weak band around 600 nm. Fourier transform infrared (FTIR) spectra measured for the samples are shown in Figure 2B . The vibrational peaks of the carbonyl groups 31 30 and a global fit with four exponentials gives time constants of <150 fs, 1 ps, 9 ps, and 1.2 ns. The amplitude spectrum of each lifetime component of the global fit constitutes a decay associated spectrum (DAS) that shows the transient absorption changes related to that component. On the basis of the DAS ( Figure  S3 ), the time constants are assigned to the hole injection from excited C343 dye to the valence band of NiO (<150 fs, formation of the C343
•− /NiO (+) charge separated state) and to the recombination of the injected hole with the reduced C343
•− radical (9 ps). The DAS corresponding to the 1 ps time constant is assigned to the hole injection and recombination taking place in overlapping time scales, reflecting the heterogeneity of the sensitized nanoparticle film and the resulting complexity of the charge-transfer dynamics. 30 The 
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Letter spectrum at 1.2 ns shows a weak positive signal over the whole spectral range, with weak peaks around 350 and 475 nm, and represents a fraction of triplet excited C343. 30 The femtosecond TA spectra for the C343: [1] /NiO film in air are presented in Figure 3 (for more details, see Figures S4 and S5). The initial hole injection dynamics is rather similar to that of the C343/NiO reference, but the subsequent reaction is quite different. At 600 nm, where mainly the C343
•− radical absorbs (excited C343 has an isosbestic point here 30 ), the TA signal decays faster in the cosensitized sample than in the reference without the [1] catalyst (see Figure 4A ). The decay is multiexponential with important contributions already at ∼1 ps and continuing up to 1000 ps. In parallel, a new positive band between 410 and 500 nm and a negative band between 350 and 420 nm are observed to form ∼1 ps after the excitation and persist beyond the time window of the measurement ( Figure  3B ). The positive band is very similar in shape and position to the flash−quench generated spectrum of singly reduced [Fe 2 (bdt) (CO) 6 ] 31 and is therefore assigned to the reduced [1] that persists beyond the time scale of this experiment (τ > 2 ns).
The DAS (Figures S5 and S6) and time evolution trace at 470 nm ( Figure 4B ) gives further insight into the formation dynamics of reduced [1] . In the C343/NiO reference, the TA signal at this wavelength corresponds to the quenching of the stimulated emission within 1 ps, which is followed by the decay of relatively weak positive absorption that is assigned to the reduced C343
•− radical (blue data). In the C343: [1] /NiO sample, the stimulated emission is quenched faster and the signal turns positive at 800 fs after excitation (black data). This positive TA signal does not decay significantly in the 2 ns time window of the measurement. A control experiment with the [1]/NiO reference shows only a weak positive signal at this wavelength (red data) that decays quite rapidly and is unrelated to the reduction of the catalyst (see Figure S7) . Therefore, we can conclude that the reduction of the [1] catalyst requires the presence of the C343 dye on the surface of the NiO and cannot be carried out by direct excitation of [1] itself. As is clear from the TA spectra in Figure 3 and the traces in Figure 4 , reduction of [1] by C343
•− is not single exponential. A half-time of t 50% ∼ 6 ps was estimated for this process from a plot of the 410−500 nm band maximum as a function of the delay time (see Figure  S8 ). This is in agreement with the time evolution of the TA signal at 470 nm, which suggests that the catalyst reduction takes place mainly on the time scale of 1−10 ps. The yield of
− generation is therefore high: from the relative TA signals of [1] − and C343
•−
, we estimate a yield of ∼70% for electron transfer from C343
•− to [1] (see the Supporting Information for details). This means that surface electron transfer from C343
•− to [1] competes favorably with recombination between C343
•− and NiO holes, which has ultrafast components (τ ∼ 2 ps; 30 see also above). The surface electron-transfer half-time is somewhat shorter and the yield somewhat higher than for the previously reported system C343: [2] /NiO for which t 50% ∼ 10 ps and a yield of 40−80% was reported. 28 However, by direct comparison of the TA signals in ref 28 with those in Figure 3 , a yield of ca. 40% in that paper seems most consistent with the data. For both C343: [1] /NiO and C343: [2] /NiO, surface electron transfer is very rapid and there is no indication of dye− catalyst segregation or of isolated C343 molecules. It is interesting to note that the related process of hole hopping between dyes on mesoporous TiO 2 is typically several orders of magnitude slower. 32−34 We propose that essentially each C343 dye on NiO is in close contact with a catalyst molecule in the cosensitized samples, so that surface electron transfer is a downhill, single-step process with a short electron-transfer distance. The flexible linking group of [1] may further facilitate close intramolecular contact. In contrast, many of the hole hopping studies on TiO 2 have involved multiple, self-exchange steps and may have been limited by steps on the heterogeneous surface where the transfer distance is longer.
To assess whether the reduced [1] catalyst is sufficiently long-lived for the first step of the water reduction process, namely, the protonation of the reduced catalyst, the lifetime of [1] •− was recorded on a nano-to millisecond time scale. At 200 ns delay after laser flash excitation at 440 nm (10 ns, 2.6 mJ/ cm 2 ), the C343: [1] /NiO sample shows a strong transient absorption band between 400 and 510 nm ( Figure S9) , similar to what was observed at >10 ps in Figure 3 . The decay of this signal at 470 nm clearly extends over several orders of magnitude (Figure 4c) . Fitting of the TA signal required four exponentials, with roughly equal contributions, with time constants ranging from ∼2 μs to >10 ms (see Figure 4C caption). We suggest that the slower charge recombination compared to the case of [2] on NiO 28 is due to the longer linker group in [1] . According to Mirmohades et al., 31 protonation of the [Fe 2 (bdt) (CO) 6 ]
− complex in acidic solutions may take place on the microsecond time scale; therefore, with a lifetime extending to the millisecond time scale, the reduced [1] should be able to undergo protonation with high yield. Scheme 1 illustrates the sequence of reactions 
Letter induced by single-photon absorption and suggests a mechanism for the catalytic cycle of [1] .
To evaluate the light response and proton reduction capacity of the sensitized NiO photocathodes, photoelectrochemical (PEC) experiments ( Figure 5 ) were performed with a threeelectrode system as described in the Supporting Information. The C343: [1] /NiO electrode in acetate buffer (pH 4.5) shows a photocurrent response that is significantly higher than that of the C343/NiO reference, indicating that the photocurrent is due to proton reduction by the hydrogen evolution catalyst. Upon photoelectrolysis of the photocathode under −0.3 V vs Ag/AgCl and light illumination for 1100 s, produced hydrogen (H 2 ) could be detected in situ with a gas sensor and by gas chromatography−mass spectrometry (GC-MS). The corresponding data is shown in Figures 5B and S11 . The photocathode based on C343: [1] produced 12.4 nmol of hydrogen, and the charge that passed through the circuit was 4.8 mC (Figure S10 ), which renders a Faradaic efficiency of ca. 50%. Thus, although the catalyst undergoes at most a few (≤3) turnovers during 1100 s, the initial photoelectrochemical H 2 evolution occurs with a decent Faradaic efficiency. The photocurrent density is, however, only ca. 10 μA cm −2 , which is 3 orders of magnitude smaller than for an optimal system under full sun (ca. 10 mA cm −2 ). Poor light-harvesting of C343 (Figure 2A ) can be expected to account for at least 1 order of magnitude losses. Another large loss factor is probably that charge recombination of the catalyst and NiO competes with protonation and second reduction of the catalyst. Each dye is excited at best only once per second under full sun, and for catalytic turnover to be more rapid than that, each catalyst must be reduced by several dyes in cooperation. Increasing the rate ratio of catalyst turnover and charge recombination is a major feature to consider in further design of dye-sensitized solar fuel devices. Obviously, a dye with a broader absorption spectrum in the visible would also be advantageous.
Notably, the photocurrent from the C343: [1] /NiO sample gradually decreased, which could be caused by catalyst decomposition. Rapid performance deterioration is still typical for dye-sensitized solar fuel devices. 
Letter suggests that catalyst degradation is the main reason for the decrease in PEC activity of the photocathode.
To get more insight into the degradation of the catalyst during the PEC measurements, a similar C343: [1] /NiO sample on nonconducting CaF 2 was soaked in the pH 4.5 buffer first 1 h in the dark and then another hour under illumination. An FTIR spectrum of the sample was recorded before and after the soaking ( Figure S12 ). From Figure S12 it is obvious that the buffer has little effect on the catalyst integrity as only small changes can be seen in the intensities of the IR peaks before and after soaking in the dark. In contrast, after soaking under illumination, the intensities of the three CO peaks at ∼2000 cm −1 decreased significantly. Also, the feature around 1400 cm −1 (associated only with [1] , cf. Figure 2B ) loses intensity upon soaking under illumination. This suggests that the catalyst is also desorbing from the NiO surface. In contrast, the C343 dye binding to the surface is not affected upon soaking and illumination as can been seen by the constant intensity of the C343 IR peaks at ∼1300 cm −1 . These experiments strongly suggest that the catalyst [1] on C343-sensitized NiO is unstable under irradiation.
To conclude, we could directly demonstrate for the first time the critical electron-transfer processes between dye, catalyst, and NiO in a molecularly sensitized photocathode that is active for photoelectrochemical proton reduction to H 2 . Hole injection into NiO followed by ultrafast surface electron transfer led to rapid and efficient reduction of the catalyst [1] . Charge recombination of [1] − was slow, on the time scale of 2 μs−20 ms, which may allow protonation and a second reduction step of the catalyst to occur. Thus, a device with C343:[1]/NiO as photocathode produced H 2 with a Faradaic efficiency of ∼50%. FTIR and GC experiments demonstrated that electrode degradation was mainly due to catalyst degradation. The mechanistic studies of sensitized photocathodes provide understanding for the processes and bottlenecks involved in this kind of system and should guide further work to improve their performance.
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